Abstract-In this paper, a novel load-matching procedure for microwave-heating applicators is presented and tested. In order to accomplish the optimization procedure, an optimization method based on the use of the Lebenverg-Marquardt technique has been specifically developed and tested on two different microwave ovens. The proposed procedure allows an efficient optimization of three-dimensional microwave applicators by means of the dielectric sample relocation as a function of its complex permittivity, size, and operating frequency. Experimental measurements of the reflection coefficient are presented and analyzed over several samples and multimode cavities. Results indicate that high power efficiencies can be obtained provided that operating frequency is not just below TM-mode cutoff frequencies for the transverse dimensions of the oven.
I. INTRODUCTION

I
NDUSTRIAL microwave-heating applications have reached maturity in several areas such as textile, paper, composite, rubber, and food industries. In these cases, the microwave applicators are very often based on multimode cavities, mainly when the materials to be processed are big when compared to the used wavelength [1] - [4] . Although the benefits for such industrial processes are enormous when applying microwaves, either solely or in combination with conventional energy sources, the design of these electromagnetic structures are still based on trial-and-error and personnel experience.
However, the decrease in the costs of software and hardware during the past years have multiplied the use of numerical methods to solve electromagnetic situations related to microwave heating technology and multimode applicators [5] . Despite the application of commercial electromagnetic software to the microwave-heating devices design [6] , very few studies have tried to optimize the efficiency of microwave heating devices from an electromagnetic point-of-view [7] - [9] mainly due to the high computational cost of each iteration during the optimization loop.
Multimode microwave-heating cavities that contain high-permittivity dielectrics have usually been adapted by several means. Conventional ones require the use of irises and waveguide tuning screws acting as triple or quadruple stubs [3] , [4] . These elements, however, need to be finely tuned to provide an adequate match to load and frequency conditions. In a previous study [10] , a novel optimization approach was carried out through simulations within a two-dimensional microwave oven to achieve good efficiency ratios for a wide variety of loads. Three variables were considered in that study, i.e., the location, dielectric constant, and loss factor of the load. An iterative procedure was employed to find the simulated optimum location wherein the load should be placed to provide a minimum reflection coefficient.
In this paper, the previous load-matching technique has been experimentally tested for different types of loads and threedimensional microwave multimode cavities. Five variables are considered in our study, which are: 1) location; 2) permittivity; 3) shape of the load; 4) size of the load; and 5) operating frequency of the microwave source. An iterative procedure based on the Lebenverg-Marquardt (LM) method is employed to find the optimum location wherein the load must be placed to provide a minimum reflection coefficient.
II. EXPERIMENTAL SETUP
A. Measurement Equipment
Two different multimode ovens have been used for efficiency measurements, i.e., cavity I (30 30 30 cm ) and cavity II (60 60 60 cm ). Fig. 1 shows the diagram for cavity I. This multimode oven consists of a 30 30 30 cm aluminum cubic cavity. The sidewall of the cavity contains a centered WR-340 waveguide (8.6 4.3 12 cm ) that acts as the feeding port. In order to support and move the sample, several styrofoam supporting structures have been included. Styrofoam has been chosen for this purpose due to its low permittivity and negligible dielectric losses . Cavity II was constructed with the same materials and the same structure as cavity I, although its volume was higher. For the sake of conciseness and due to the similitude of both cavities, no diagram is included for cavity II.
Four samples have been considered in the measurements, two of them were made of EPOMAR 2003-A epoxy resin and the other two samples were made of CC polyester . Two shapes were considered for both materials, i.e., parallelepiped and cylindrical. In the case of parallelepiped samples, their longest sizes were always placed parallel to the -axis. For a complete description of the samples' geometry, see Table I .
In order to measure the efficiency of the cavity, the complex scattering parameter was acquired at evenly spaced load locations along the -axis. Power efficiency can be readily inferred from , as described in [10] (
An RS-Amidata V-8756 reversible steeper motor of 2 W power consumption with 48 steps per revolution was controlled with a personal computer (PC) to exactly locate the sample along the -axis. A ZVM Rohde&Swarz vector network analyzer (VNA) was used to measure at each sample location for the frequency range (2.4 and 2.6 GHz).
B. LM Optimization Method
In this study, the LM method [11] has been employed to find the optimum position for the dielectric load that ensures a minimum energy reflection in the waveguide feeding. In order to carry out the optimization process, initial values taken from the response provided by the VNA have been obtained by locating the sample in equidistant points along the -axis.
It must be remarked that, although the LM algorithm ensures an optimal solution for the model, it could possibly not be the best solution, but a local minimum. Thus, one of the critical aspects of this algorithm is the initial point where to begin the iterative optimization process. In this study, the location of the measured samples, which has the minimal value for , has been chosen as the initial coordinate for the LM algorithm.
The LM algorithm is designed for the minimization of the error vector in (2) by iteratively updating the weights of a function that approximates the considered process. Thus, if and represent the current and final values of the weights vector in each iteration, the error vector for all the samples can be expanded in a Taylor series in the following way: (2) where is a matrix with elements (3) and is the th weight vector component. The expression used to update the weights of the considered function can be obtained by the minimization of the error vector with respect to the weights (4) where the term can be considered as an approach to the Hessian matrix .
In order to control the convergence step of the LM algorithm, the so-called parameter is included in (4), resulting in the general expression (5) By applying the LM algorithm to the proposed microwave applicators, the error function at the th iteration that has to be minimized can be expressed as a one-dimensional function given by (6) where the zero value is the desired optimal value for . In this case, the and matrix only contain one component with the gradient and Hessian values, respectively, which results in (7)- (10) (7) (8) (9) (10) where represents the iteration number, is the Hessian component, is the gradient vector along the -direction, is a convergence parameter, which is updated at every iteration, and is the error function calculated in the th iteration. This error is compared with the desired solution (in this case, zero). Each iteration of the LM algorithm reduces the error until the predetermined error level is reached or a local minimum is found.
The LM optimization algorithm described above has been programmed and implemented in a PC, which stores the value for each sample position acquired from the VNA. This program calculates the next position of the sample that minimizes (10) and, finally, interacts through serial connection with the motor controller in order to place the sample in the position estimated by the LM algorithm. Therefore, the optimization algorithm is computed in the PC, but the rest of the measurements are experimentally obtained through the network analyzer.
Once the optimum position was calculated through (7)-(10), the V-8756 motor was controlled in order to exactly position the sample at that location. The VNA then updated the measured at that position and (7)- (10) were iteratively computed to find the new optimum position .
III. EXPERIMENTAL RESULTS
A. Measurements With Cavity I
Four different samples ( -) have been introduced in cavity I in order to find their optimal position in terms of power efficiency. The influence of the operating frequency, the dimensions, and type of material have been analyzed for this oven.
Figs. 2 and 3 illustrate the values measured for different frequencies within a 10-MHz bandwidth at discrete load locations with 4-mm intervals along the -axis for samples and , respectively. From Fig. 2 , one can observe the existence of an optimal position for the sample around mm. It can be appreciated that this optimum position is very dependant on the operating frequency. On the other hand, Fig. 2 shows that important matching values can be achieved provided that the sample is properly placed inside the cavity. In fact, the inappropriate positioning of the sample may lead to values of higher than 0.9. Similar results can be observed for the sample from Fig. 3 . The same type of measurements have been carried out for samples and . Figs. 4 and 5 show the evolution for several locations at the -axis and several frequencies. In this case, both sample and show optimum positions around mm and mm. reaches values around 0.2 for these sample locations, therefore increasing the power efficiency. Again, this optimum value shows a great dependence on the analyzed frequency.
The comparison of Figs. 2-5 shows that the behavior of is very similar for samples -despite their different sizes, and confirms that the shape of the sample is of utmost importance to find the most efficient position within the multimode cavity. In fact, from these figures, one can conclude that samples and show a minimum value for around 120 mm at the -axis, while the and samples show two areas in which minimum values are localized (around 60 and 150 mm at the -axis). Additionally, those optimum locations seem to vary linearly with frequency.
Due to the similar behavior found in the evolution of the optimum location for both the cylindrical and parallelepiped dielectric samples, the optimum location has been analyzed as a function of the frequency for all the considered samples. Fig. 6 shows the optimum location of each of the samples versus the analyzed frequency in the range (2.538 and 2.547 GHz). It can be observed that, for certain frequency ranges, the optimum sample location agrees for both cylindrical and parallelepiped samples, which is more evident for parallelepiped ones.
Additionally, a lineal displacement can be found for the optimal sample position as a function of frequency. However, these lineal displacements are interrupted with abrupt changes in the optimal position, mainly for samples C and D. Although not completely, these results are in concordance with the conclusions reported in [10] . In order to broaden the study of this optimization procedure to a wider bandwidth, the reflection parameter has been measured between 2.4-2.6 GHz. Fig. 7 shows a two-dimensional plot of for sample versus the sample location at the -axis and frequency. From this figure, one can conclude that oscillates more at a higher frequency and that no optimum position can be found below 2.50 GHz.
The explanation for this behavior can be found in [12] . From this study, one can conclude that if we consider the 30 30 30 cm cavity as a short-circuited waveguide (with a 30 30 cm section), 2.50 GHz is the degenerate cutoff frequency for the four TE and TM modes with indices 3 and 4. In this study, it is also concluded that match at or near TM mode cutoff frequencies cannot be achieved with ordinary tuning elements.
Since load matching performance is good just above the TM cutoff frequency for indices 3 and 4, the simplest solution for achieving good efficiency values within the industrial-scientific-medical (ISM) band would be to change cavity I dimensions to force these TM cutoff frequencies to be just below 2.4 GHz. In this case, increasing dimensions approximately by the factor of 2.55/2.45 would provide a cubical cavity of 31.22 31.22 31.22 cm with TM cutoff frequencies around 2.4 GHz for indices 3 and 4. This cavity scaling would be enough to extrapolate the obtained matching results in the 2.5-2.6-GHz band to the ISM band.
B. Measurements With Cavity II
In order to demonstrate that the proposed load matching method can be applied for the ISM band placed at 2.4-2.5 GHz, different reflection measurements have been carried out on a 60 60 60 cm multimode oven (cavity II). Fig. 8 illustrates measured for different frequencies within a 100-MHz bandwidth around the microwave heating central frequency (2.45 GHz). Sample was placed at discrete load locations with 8-mm intervals along the -axis of cavity II. In Fig. 8 , one can observe the existence of several optimal positions for the sample, being that these locations are very dependant on the operating frequency. Again, good matching values can be achieved provided that the sample is properly placed inside the cavity.
Several conclusions can be obtained by comparing the behavior of both in cavity I and cavity II. In fact, cavity II shows more oscillations for this magnitude as a function of the sample location than cavity I. This may be explained by the higher number of modes present in cavity II versus the ones that resonate in cavity I.
Additionally, a clear relationship between optimum location displacement and the operating frequency has not been found for measurements in cavity II.
C. LM Optimization Results
The described optimization algorithm has been implemented in the experimental platform consisting of the VNA, a PC, and the V-8756 motor. The aim of this study was to minimize the initial number of positions to be measured.
From previous trials, it was shown that initial samples were enough to obtain good optimization results. The initial value for in (7) was set to 0.1, while the factor for online modifying this parameters was 10, as described in [11] .
The first iteration of the proposed algorithm always started at the sample location whose measured value was lowest. From this initial value, (7)- (10) were applied to update the sample location and to control the V-8756 motor.
The results obtained for sample at 2.53 GHz are shown in Fig. 9 . There, the black dots represent the ten initially measured data. Grey dots show the evolution of the sample location during the optimization loop and the dotted line is a conventional radial basis function (RBF) interpolation [13] of the behavior versus the location. This interpolation function is only used for helping the graphical interpretation of the LM algorithm behavior. The nonlinear RBFs are based on the generation of signals by using Gaussian functions whose superposition allows the interpolation of points of a real curve from a few initial measured samples, obtaining excellent approximations of the real process.
From Fig. 9 , one can conclude that four iterations are enough to find the best solution in terms of efficiency. In this case, reached an optimum value of 0.1024, achieving a power efficiency around 99% at mm. In the same way, this procedure has also been applied to cavity II and sample for an operating frequency equal to 2.4415 GHz. Fig. 10 shows the evolution of the sample location during the optimization loop. In this case, eight iterations were necessary for the LM algorithm to reach the optimum sample location within cavity II, mm, yielding an efficiency value of 96.05% . The convergence of the optimization procedure for both cavity I and II is more clearly appreciated in Fig. 11 . It can be deduced from these data that the convergence is achieved in four iterations for cavity I, while it takes eight iterations for cavity II. If we add these values to the ten initial measurements, one can conclude that only 14 and 18 measurements are required to achieve a power efficiency of 99 and 96% for cavities I and II, respectively. Therefore, it can be concluded from these data that the time needed to carry out the optimization process is very dependant on the operating conditions: 1) cavity and sample dimensions; 2) sample dielectric properties; and 3) operating frequency since these parameters influence the behavior of versus the sample location.
IV. CONCLUSION
A novel multimode cavity load-matching method has been experimentally validated for several samples with different permittivities and shapes and two different multimode cavities. The results show that the relationship between the operating frequency and cavity dimensions is critical. In fact, measurements demonstrate that high power efficiencies can be obtained provided that operating frequency is not just below TM mode cutoff frequencies for the transverse dimensions of the oven. Additionally, the load-matching method has shown a great sensitivity to the used frequency, which demands an accurate knowledge of the operating frequency for the microwave sources. In fact, a quasi-linear relationship for the optimum location displacement and the operating frequency has been found for cavity I, while this has not been possible for cavity II.
The LM method has been successfully employed to locate a dielectric sample within the multimode cavity achieving a power efficiency around 99%.
It must be remarked that this novel load matching method does not take into account the electric-field patterns that would appear within the dielectric samples and, consequently, their temperature uniformity, which are important magnitudes that influence microwave heating quality. In fact, such a study was out of the scope of this paper, although further research is envisaged in this direction.
Finally, one can easily conclude from measured data that dielectric changes within the samples would lead to optimum position changes. As a result, in industrial microwave heating systems, in which high temperature variations are expected within the dielectric materials, both the samples' permittivity and their optimum position would change during the process. In this case, a continuous real-time monitoring process for power efficiency would be necessary to adaptively compute the optimum sample position and to relocate the sample. 
